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Abstract 

Detailed mapping (scales 1 :1 ,I 40 and 1 :6,000) at 
three large, recently deglaciated exposures in the Seldovia 
quadrangle, south-central Alaska, has clarified aspects of 
the structural history of the McHugh Complex. At Grew- 
ingk Glacier, the McHugh Complex consists of multiple 
fault slices of relatively coherent basalt, chert, and gray- 
wacke, each up to a few tens of meters thick, bounded by 
zones of mesoscale m6lange. We interpret the mesoscale 
melanges as having formed in thrust zones, and the map 
pattern as resulting from thrust repetition of an originally 
simple oceanic-plate stratigraphy. Late brittle faults belong 
to six sets, some of which are significant enough to cause 
mappable offsets. A prominent set of dextral faults strike 
east-northeast (set I), and a conjugate set of sinistral faults 
strike north-northwest (set 11); displacement on fault sets I 
and II resulted in orogen-parallel extension. Minor east- 
striking normal faults that dip north and south (sets V and 
VI) also were responsible for some orogen-parallel exten- 
sion. Minor north-striking, west-dipping late thrust faults 
(set IV) are subparallel with the present convergent margin. 
North-striking dextral faults (set Ill) offset the earlier dextral 
faults of set I. Displacement on fault set I was approxi- 
mately coeval with injection of silicic to intermediate 
dikes of early Eocene age. Poles to dikes and dike trans- 
forms together indicate a mean extension direction of 
34S0. We interpret .the dikes and associated strike-slip 
faults of sets I and presumably I1 as the result of subduc- 
tion of the Kula-Farallon Ridge. The origin of the other late 
structures is not yet clear; they might relate to northward 
strike-slip motion of the Chugach terrane, formation of the 
southern Alaska orocline, critical taper adjustments of the 
accretionary wedge, or some other cause. 

INTRODUCTION 

The McHugh Complex of south-central Alaska 
(fig; 1) is generally interpreted as part of a Mesozoic ac- 
cretionary prism, the Chugach terrane, that formed by 
offscraping and (or) underplating at an ancient subduc- 
tion zone, outboard of the composite Peninsular-Wran- 
gellia-Alexander superterrane (Plafker and others, 1989). 
Regional geologic relations, plate-circuit reconstructions, 

and paleomagnetic data together suggest that several im- 
portant younger events also may have affected the 
McHugh Complex. These include northward coastwise 
strike-slip of the entire Chugach terrane (Coe and others, 
1985). oroclinal bending to form the southern Alaska 
orocline (Coe and others, 1985), subduction of the Kula- 
Farallon Ridge (Marshak and Karig, 1977), and piece- 
meal or wholesale accretiop of Upper Cretaceous and 
Cenozoic flysch that now occupies the region between 
the McHugh Complex and the Aleutian Trench (Plafker 
and others, 1989). 

Figure 1. Locality map of south-central Alaska. Triangles, 
volcanoes of Aleutian arc; black, McHugh Complex, in- 
cluding Kachemak "terrane," and correlative Uyak Com- 
plex in Kodiak and Afognak Islands; stipple, other parts of 
Mesozoic-Cenozoic accretionary complex, including Val- 
dez Group of Chugach terrane and Orca Group of Prince 
William terrane. 

Deformation History of the McHugh Complex, Seldovia Quadrangle, South-Central Alaska 17 



This paper presents new structural data from the 
Seldovia quadrangle (figs. 1, 2) bearing on these postu- 
lated events. Our findings on the early deformation his- 
tory mainly stem from detailed (1:1,140 scale) mapping 
at the terminus of the Grewingk Glacier (fig. 2, loc. 2). 
Conclusions about the nature of late deformation at 
Grewingk Glacier are supplemented by less detailed 
1:6,000-scale mapping at the termini of the Dixon and 
Wosnesenski Glaciers (fig. 2, locs. 1 and 3, respective- 
ly). Rapid ice retreat (up to 1.3 km in the last 40 yr) has 
left polished roche moutonee, hundreds of meters across, 
of nearly 100 percent bedrock exposure at the three 
areas. The structure of the McHugh Complex in these 
areas is complicated but not entirely chaotic, and can be 
resolved through detailed mapping. 

REGIONAL GEOLOGY 

The Seldovia quadrangle (fig. 1) lies in the arc- 
trench gap of the present-day Aleutian subduction sys- 
tem; our detailed map areas are about 3540  km above 
the Benioff Zone (for example, Jacob, 1986). We have 
subdivided Mesozoic rocks in figure 2 into six belts. (1) 
Mesozoic volcanogenic strata of magmatic-arc affinity 
(Kelley, 1980) lie farthest inboard and comprise the 
Peninsular terrane of Jones and others (1987); younger 
Tertiary strata in this area define the Cook Inlet Basin, 
which is the active forearc basin of the Aleutian arc. (2) 
The McHugh Complex (Clark, 1973) is part of the Chu- 
gach terrane of Jones and others (1987), a Mesozoic ac- 
cretionary wedge. Rock types include variably disrupted 
greenstone, chert, argillite, graywacke, conglomerate, 
outcrop-scale melange, and rare limestone. (3) The Val- 
dez Group, also part of the Chugach terrane, flanks the 
McHugh Complex on the southeast. It consists of Upper 
Cretaceous turbiditic graywacke, slate, and conglomer- 
ate, and mClange belonging to type I of Cowan (1985). 

Included within the limits of the area mapped as 
the McHugh Complex in figure 2 are three additional 
map units of problematic tectonic affinity; whether these 
rocks are part of the Peninsular terrane ("upper plate") 
or accretionary wedge ("lower plate") is debatable. (4) 
The Seldovia metamorphic belt (Seldovia schist terrane 
of Cowan and Boss, 1978) is a narrow zone, metamor- 
phosed to blueschist facies, along the inboard margin of 
the accretionary wedge. Rock types include marble, 
quartzite (metachert), metapelite, and metabasite. Com- 
parable protoliths all occur within the McHugh Complex 
(albeit in different proportions), which otherwise is met- 
amorphosed to prehnite-pumpellyite facies. Recent work 
has shown that mClange of the McHugh Complex occurs 
in narrow bands on both sides of the metamorphic belt 
(D. Bradley and S. Karl, unpubl. field mapping, 1989). 
(5) The Kachemak "terrane" of Jones and others 

(1987) consists of intensely faulted pillow and massive 
basalt, overlain by complexly folded and faulted radio- 
larian chert, now known to range in age from Middle 
Triassic to Early Jurassic (C. Blome, oral commun., 
1991). Stratigraphic nomenclature for these rocks has yet 
to be formalized, and the stnicture is far more complex 
than it would seem from the simple map pattern on the 
compilation map of Magoon and others (1976). It is not 
clear that there are any compelling lithologic differences 
between chert and basalt within the area identified by 
Jones and others (1987) as the Kachemak "terrane", and 
chert and basalt within the outcrop belt of the McHugh 
Complex. The only mappable difference is that the 
McHugh Complex also includes abundant graywacke 
and argillite. On the basis of similar radiolarian age 
ranges in cherts of the McHugh Complex and Kachemak 
"terrane", Blome and others (1990) suggested that the 
Kachemak "terrane" may be merely a part of the 
McHugh (accretionary) Complex in which the basalt- 
chert association dominates the outcrop. (6) In the Sel- 
dovia quadrangle, the Border Ranges ultramafic and 
mafic complex of Bums (1985) consists of at least sev- 
en separate bodies of mafic and ultramafic plutonic 
rocks that occur as fault-bounded slices within the out- 
crop belt of the McHugh Complex (fig. 2). 

STRATIGRAPHY O F  THE M c H U G H  COMPLEX 

Despite structural disruption, locally preserved 
stratigraphic relations and fossil ages within the McHugh 
Complex and Kachemak "terrane" permit a crude recon- 
struction of an original stratigraphy (fig. 3A) that is now 
repeated by numerous thrust faults. It is uncertain wheth- 
er any ultramafic or mafic plutonic rocks of the lower 
part of this inferred stratigraphic succession are exposed 
within the McHugh Compex. The ultramafic body at 
Red Mountain (loc. 7 in fig. 2), which otherwise would 
seem a likely candidate, has magmatic-arc affinity and, 
according to one interpretation (Burns, 1985), is part of 
the original basement of the Peninsular terrane. Mafic 
volcanic rocks within both the McHugh Complex as 
mapped by Magoon and others (1976) and the Kache- 
mak "terrane" of Jones and others (1987) include vari- 
ably altered pillow basalt, hyaloclastic basalt, and mas- 
sive basalt; the McHugh Complex, in addition, contains 
cataclastically microbrecciated basalt that in hand sample 
resembles a volcaniclastic rock (commonly designated 
"tuff' in the field). At several places in the Kachemak 
"terrane" (for example, loc. 4, fig. 2), radiolarian chert 
overlies pillow basalt. Chert in the McHugh Complex 
and Kachemak "terrane" includes gray, green, red, and 
black radiolarian-bearing ribbon chert, interbedded on a 
scale of a few centimeters with argillite; faulting and 
disharmonic folding are pervasive. Radiolarian ages in 
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both the McHugh Complex (from Turnagain Arm and 
Seldovia) and the Kachemak "terrane" range from Late 
Triassic to Early Cretaceous (Nelson and others, 1987; 
Blome and others, 1990; C. Blome, oral commun., 
1990). At locality 5 (fig. 2), graywacke conformably 
overlies ribbon chert that yielded Pliensbachian (Early 
Jurassic) radiolarians (C. Blome, oral commun., 1990). 
Graywacke in the McHugh Complex mainly occurs as 
amalgamated massive turbiditic sandstone (facies B of 
Mutti and Ricci-Lucchi, 1978) but also includes horizons 
of up to 50 percent interbedded argillite (facies C and 

D). Conglomerate and associated graywacke occur in 
massive zones hundreds of meters thick (facies A of 
Mutti and Ricci-Lucchi, 1978). Weakly deformed, gently 
dipping interbedded argillite and siltstone is present at 
Jakolof Bay (loc. 8 in fig. 2). Outcrop-scale melange 
also is abundant. We interpret its origin as structural, not 
stratigraphic, as described below. 

Implicit in figure 3A is the assumption that the ba- 
salt, chert, and graywacke each occur at a single relative 
position in the stratigraphic succession. Because some 
chert is younger than at least some graywacke, either 

Figure 2. Generalized geologic map of eastern two-thirds of Seldovia quadrangle. Arabic numbers refer to localities mentioned 
in text; Roman numerals identify faults representative of fault sets I, II, and Ill. Modified from Magoon and others (1 976). 
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their mutual contact is strongly diachronous or a second 
chert unit overlies the graywacke. 

Following an original suggestion by Connelly 
(1978) for the Uyak Complex (a McHugh correlative 
along strike on Kodiak Island; fig. I), we illustrate in 
figure 38 how the components of the McHugh Complex 
and Kachemak "terrane" might be related paleogeo- 
graphically. According to this model, the basalts formed 
at a spreading center (or, perhaps equally likely, at an 
off-axis seamount), and the conformably overlying 

cherts were subsequently deposited as the oceanic plate 
was conveyed toward a convergent plate boundary. The 
argillite, graywacke, and conglomerate were deposited in 
the trench, mainly on the descending plate along the out- 
er trench slope and trench axis. The mildly deformed ar- 
gillite and siltstone at Jakolof Bay (fig. 2) may have 
been deposited on the inner trench slope, atop the accre- 
tionary prism. A key aspect of this general model (and a 
similar model for accreted rocks in Japan by Matsuda 
and Isozaki, 1991) is that deposition and subduction-ac- 

Graywacke and 
hemipelagic shale Trench axis 

uter trench slope 
hemipelagic shale 

Mid -ocean ridge 

Sheeted mafic dikes 

Figure 3. A, Generalized stratigraphy of McHugh Complex in Seldovia quadrangle, showing in- 
ferred relations among rock types prior to deformation within accretionary wedge. Specific radio- 
larian age ranges are not given, pending work in progress. B, Cross section from an oceanic 
spreading center to a subduction zone, modified from Connelly (1 978). This conceptual model 
illustrates how varied rock types comparable to those within Kachemak "terrane" of Jones and 
others (1 987) and McHugh Complex might have been conveyed into trench and either subducted 
or incor orated into accretionary wedge. BRF, Border Ranges fault zone; BRUMC, Border Ranges 
ultrama&-mafic complex of Burns (1 985); V, seamount volcanics. 
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cretion are steady-state, continuous, overlapping process- 
es, not one-time events. This pattern inevitably leads to 
diachronous relations: contacts between basalt, chert, and 
graywacke in two different offscraped or underplated 
slices of the oceanic plate should differ in age; likewise, 
deformation of one part of the melange might predate 
the existence of some or all protoliths in a different part 
of the melange. 

Our stratigraphic model accounts for basalt and 
cherts of the Kachemak "terrane" as the basement and 
pelagic cover of an oceanic plate that has largely van- 
ished down a subduction zone. Jones and others (1987) 
regarded the basalt and cherts of Kachemak Bay as a 
tectonostratigraphic terrane that was distinct from the 
surrounding McHugh Complex. Alternatively, we sug- 
gest that the siliciclastic strata of the McHugh Complex 
were deposited on top of the chert and basalt of the 
Kachemak "terrane" and were subsequently offscraped 
and (or) underplated at the subduction zone. Detailed 
mapping at Grewingk Glacier (fig. 4A) provides structur- 
al evidence for thrust repetition that is consistent with 
this scenario. 

SEDIMENTARY AND EARLY TECTONIC 
STRUCTURES AT GREWINGK GLACIER 

Bedding 

At Grewingk Glacier (fig. 4), graded beds, upright 
with tops toward the northwest, are locally preserved in 
the graywacke (fig. 5A). Well-preserved bedding in the 
ribbon cherts is roughly parallel with that in the gray- 
wacke, but tops are unknown. Bedding is rarely pre- 
served in the greenstones. The pattern of bedding poles 
in figure 5A is consistent with deformation by offscrap- 
ing and (or) underplating in a subduction zone that was 
subparallel with the present one. If the Chugach terrane 
underwent coast-parallel strike-slip translation and oro- 
clinal rotation during Tertiary time (see, for example, 
Plafker and others, 1989), then the McHugh Complex 
subduction zone more likely dipped to the northeast. 

Early Tectonic Contacts 

Most contacts between the map units at Grewingk 
Glacier are early tectonic contacts. These early faults or 
shear zones are typically uneven, deformed surfaces that 
contrast markedly with the late, straight faults described 
later. Some early faults are associated with thin (up to a 
few centimeters) veins of quartz-chlorite-calcite, com- 
monly with thin selvages of wall rock. The early tectonic 
contacts locally truncate bedding (fig. 4B), but statisti- 
cally the two fabric elements are essentially parallel (fig. 

5A, B). We suggest that at least some early tectonic con- 
tacts initiated as bedding-parallel to low-angle thrust 
faults through subhorizontal strata; this interpretation is 
consistent with the repetition of rock types whose in- 
ferred stratigraphy is shown in figure 3. Some early tec- 
tonic contacts probably underwent large displacements, 
whereas others probably are minor movement surfaces 
related only to rheological contrasts between units that 
remain in their original stratigraphic order. 

MClange, Broken Formation, and Pebbly 
Mudstone 

The entire outcrop at Grewingk Glacier is mappa- 
ble at 1:63,360 scale only as m6lange. However, at 
1:1,140 scale, it is possible to map individual belts of 
greenstone, chert, and graywacke that are a few meters 
to tens of meters wide. In some places, slices become so 
nmow and interfaulted that even at 1:1,140 scale, they 
can only be mapped as melange (fig. 4A). We refer to 
these zones as "mesoscale m6langes." They contain 
blocks of greenstone, chert, graywacke, and rare lime- 
stone set in an argillite matrix; different melange zones 
contain different block assemblages (see numbers along 
base of fig. 4B). The blocks typically are elongate loz- 
enges up to a few meters long and lie either in fault con- 
tact with other blocks or within a matrix of less compe- 
tent black argillite. Where blocks are smaller (up to a 
few tens of centimeters), we have mapped these as zones 
of "pebbly mudstone" (fig. 6A), a field term that we use 
without any implied genetic connotation. Pebbly mud- 
stone grades into "broken formation" (another field term 
used without any genetic connotation), which consists of 
variably pulled-apart beds of graywacke and chert (fig. 
6A) in argillite matrix. In zones of broken formation, one 
or more competent beds commonly can be traced across 
the outcrop essentially unbroken, whereas other beds are 
extended on small faults into rhomboidal bed fragments 
that are aligned parallel to throughgoing bedding. Bed- 
ding disruption during development of broken formation 
was accomplished by movement along an intricate net- 
work of cataclastic shear zones [web structure of Cowan 
(1985) and Byrne (1984)l. In thin section, these are seen 
to be zones of significant grain-size reduction. Broken 
formation and pebbly mudstone exhibit a prominent lay- 
ering, which is defined by both phacoidal cleavage of 
argillaceous matrix and by XY planes of fragments (fig. 
5C). This mtlange foliation is essentially parallel to both 
bedding and early tectonic contacts. 

Early Bedding-Extensional Shear Bands 

Mtlange foliation and early thrust faults are com- 
monly offset across shear bands that, where present, are 
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Figure 4.A, Geobgic map (original scale 1 :1,140) of McHugh Complex near l owr  terminus of Grewingk Glacier. Nunben indicat? rock 
units in explanation. Map area is at locality 2 in figure 2. Inset shows location of ice front in late 1980's. B, Cross section A-A', showing 
repetition along early contractional faults of various ocean-floor rock types that comprise McHugh Complex. NurrJ3ers below cross section 
identify types of blocks in mesoscale dlange zones. b, broken formation; p, pebbly mudstone. No vertical exaggeration. 
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spaced a few tens of centimeters to several meters apart. 
The shear bands are mesoscopically ductile; layering 
shows conspicuous drag adjacent to the shear bands. In 
cross-sectional views, the shear bands cause offsets of 
up to a few meters (fig. 6B, C). A stereoplot of shear 
bands is shown in figure 7A; their significance is dis- 
cussed below. 

LATE STRUCTURES AT GREWINGK, 
WOSNESENSKI, AND DlXON GLACIERS 

Brittle Faults 

Late brittle faults occur throughout the area under- 
lain by the McHugh Complex in the Seldovia quadran- 
gle. We recognize three sets of late faults that are impor- 

I tant on a regional scale (fig. 2): (I) older 
east-northeast-striking dextral faults; (II) northwest-suik- 

N ing lineaments that we interpret as conjugate sinistral 
I faults related to set I; and (111) younger dextral faults 

that strike approximately north. In our detailed study 
areas (figs. 4, 8), prominent late faults belonging to sets 
I and I11 cause mappable offsets of up to a few tens of 
meters. At the outcrop scale, very minor late faults, too 
small to cause mappable offsets, are abundant. These be- 
long to sets I, 11, and 111, as well as to three additional 
fault sets: (IV) west-dipping thrust faults, and (V and 
VI) conjugate north- and south-dipping normal faults. 
Equal-area projections of fault planes and associated 
slickenlines at Grewingk Glacier are displayed in figure 
9. In all cases, only crystal fibers with unambiguous 
stepping directions are plotted. For ease of comparison, 
the stereonets are displayed in the same order as those 
from comparable late brittle faults along Turnagain Arm 
(see Bradley and Kusky, 1990). The average attitudes of 
the fault sets are summarized in figure 9. 

At Grewingk and Wosnesenski Glaciers (figs. 4A, 
N 8A), the most prominent late faults belong to set I: dex- 
I 

tral strike-slip faults that strike about 070" (range about 
060° to 100"). The largest dextral map separation of 
subvertical mklange units at Grewingk Glacier is about 
50 m; subhorizontal fibrous slickensides with dextral 
steps confirm the shear sense (fig. 9E.  F). At Wosnesen- 
ski Glacier, faults of set I cause dextral map separations 
of subvertical mClange units of up to about 20 m. 

+ Elsewhere in the Seldovia quadrangle, prominent, 

I 
m i '  

4 Fi ure 5. Lower-hemis here equal-area pro'ections 
from d c ~ u ~ h  Complex at 8rewingk Glacier. A, boles to 
bedding. Filled circles, upright bedding; open squares, 
stratigraphic tops unknown. B, Poles to fragment foliation 
in mesoscale mClange. C, Poles to early faults and shear 
zones. Mean tectonic strike is about 020". 
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Figure 6. A, Pebbly mudstone grading into broken forma- 
tion, McHugh Complex, Grewingk Glacier. Elongate bed 
fragments and equant "clasts" are mainly graywacke and 
black cherty argillite; matrix is phacoidally cleaved argil- 
lite. B, Early layer-extensional shear bands (moderately to 
steeply right-dipping) causing apparent normal offset of 
mhlange foliation (gently dipping) in McHugh Complex at 

Dixon Glacier. C, Early shear band that extends steeply 
dipping layers, causing apparent contractional offset of 
melange foliation in McHugh Complex at Grewingk Gla- 
cier. If shear band formed before layering was rotated to 
its present steep dip, shear band would have had an initial 
normal offset, like those in B. Dl Transform offset across 
an intermediate dike, McHugh Complex, Dixon Glacier. 
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approximately east-trending lineaments can be traced for 
distances of several kilometers (fig. 2); most of these 
probably correspond to faults belonging to set I. 

Although only one mappable sinistral fault was en- 
countered in the three detailed map areas (at Grewingk 
Glacier; fig. 4A), northwest-trending lineaments (average 

I trend about 320") that we interpret as probable sinistral 
I faults are conspicuous in the region (fig. 2). The best 
I evidence that these are sinistral faults comes from the 
I Bradley Lake area (fig. 2), where one such lineament, 
I which trends about 310°, is responsible for 30-m sinis- 
c tral map separation of melange units (Woodward-Clyde 
I Consultants, 1979, p. 47); the fault is truncated by the 
I Bradley River fault (see below). Northwest-striking sin- 
I istral faults are common in Kodiak and Turnagain Arm 
I- (Bradley and Kusky, 1990). Very minor sinistral faults at 
I Grewingk Glacier, too small to be mappable, mainly 
I 

strike about northwest, but there is considerable scatter 
I of dips and dip directions (fig. 9G, H). We suggest that 

northwest-striking, high-angle sinistral faults constitute 
an important set of late faults in the McHugh Complex, 

i which we assign to set 11. 
Approximately north-striking (000" to 025") dex- 

I tral strike-slip faults, assigned to set 111, cause mappable 
r offsets at Wosnesenski and Dixon Glaciers (fig. 8). Else- 
t where in the Seldovia quadrangle, north-trending linea- 

ments were first recognized as dextral faults during engi- 
f neering geology studies for the Bradley Lake 
t Hydroelectric Project (fig. 2). The Bradley River fault 

dextrally offsets a vertical east-west dike by about 300 

The transform does not cut country rock beyond the dike 
and hence was only active during dike emplacement. E, 
Leucocratic dike truncated by late, east-northeast striking 
dextral fault zone (parallel to pencil in lower half of pho- 
tograph), Grewingk Glacier near pond (fig. 4A). Fragments 
of dike are entrained in fault breccia and displaced 
dextrally. 

m (Woodward-Clyde Consultants, 1979, p. 19). A simi- 
lar but smaller fault recognized in the Bradley Lake 
project, the Bull Moose fault (Woodward-Clyde Consult- 

Figure 7. Lower-hemisphere equal-area projec- 
tions from McHugh Complex at Grewingk Gla- 
cier. A, Poles to early layer-extensional shear 
bands. In all cases, apparent hanging wal l  
moved to east, but some of shear bands are ap- 
parent thrust faults, whereas others are apparent 
normal faults. Filled circles are from Grewingk 
Glacier; shaded squares are from elsewhere in 
McHugh Complex in Seldovia quadrangle. B, 
Poles to same faults subject to tilt correction (by 
strike rotation) of bedding or fragment foliation; 
actual tilt-correction paths are different for each 
datum because of variable attitudes of layering. 
Resulting tighter clustering of poles supports 
interpretation that these structures all originated 
as early ductile normal faults and were then 
variably rotated into their present attitudes. 
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ants, 1979, p. 20), can be traced as a topographic linea- 
ment to the terminus of Dixon Glacier (fig. 8B), where 
we found that it dextrally offsets a subvertical east-strik- 
ing dike by about 15 m. At Wosnesenski Glacier, a mi- 
nor north-northeast-striking fault offsets both an east- 
striking dike and east-striking dextral faults by about 15 
m (fig. 8A). Thus, fault set I11 is younger than both fault 
set I and the dikes. At Grewingk Glacier, minor dextral 
faults plot in two clusters, one corresponding to set I 
(mean strike and dip 240°, 85" N.), and the second cor- 
responding to set I11 (mean strike and dip 173", 43" W.). 
Fault set IV consists of minor late thrusts with consider- 
able scatter, which, on average, strike about north and 
dip west (mean strike and dip 181°, 52" W.)(fig. 9A, B). 
Fault sets V and VI form a conjugate pair of minor late 
normal faults that strike east and dip moderately north 
and south (mean strike and dip 268", 62" N. and 093", 
31" S., respectively). These faults are poorly developed 
structures of minor significance at Grewingk Glacier. 

To summarize observed cross-cutting relations, 
fault sets I and I1 are cut by fault set 111; relative ages of 
the other fault sets are unknown. 

Dikes 

Northeast-striking intermediate .to silicic dikes (fig. 
60) cut mClange fabric and extensional shearbands 
throughout the Chugach terrane in the Seldovia quadran- 
gle. In the detailed study areas, dike widths vary from a 
few centimeters to 2.5 m. Dike margins are commonly 
chilled. Chert xenoliths are common, as is dike-parallel 
flow banding. In places, the margins are irregular; else- 
where, they are sharp and it is possible to match oppo- 
site sides. An apparent opening direction of about 345" 
is revealed by the attitude of dike normals and transform 
offsets (fig. 10). Transform offsets like that in figure 60 
are exactly analogous to transform offsets of mid-ocean 

2 0 0  METERS 

Chert and argil l i te m6lange Late str~ke-sl ip faul t ,  arrows 
wi th  limastono boudins # show sense of displacomont 

"/ Strike and dip of foliation 

Figure 8. A, Detailed geologic map (original scale 1 :6,000) of McHugh Complex at lower termi- 
nus of Wosnesenski Glacier. Inset shows position of ice front in late 1980's. Map area is at 
locality 3 in figure 2. B, Detailed geologic map (original scale 1 :6,000) of McHugh Complex at 
lower terminus of Dixon Glacier. McHugh Complex here is not readily divisible into mappable 
units. Map area is at locality 1 in figure 2. 
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ridges (Wilson, 1965). The fault in figure 6 0  connecting 
the two dike segments moved only during dike intrusion 
and does not cut country rock beyond the dike; the sense 
of motion in figure 60 was left-side-up, not right-side- 
up. On the basis of mutually cross-cutting relationships, 
dike emplacement appears to have been coeval with 
movement on fault set I. Some of the dikes are offset by 
fault set I (fig. 6E), whereas elsewhere, dikes intrude 
along fault traces (for example, near both small bays on 
the southwestern side of the island in fig. 4A). Protoclas- 
tic textures in some dike margins near the fault zones 
indicate that deformation occurred while the dikes were 
still hot. 

Although none of the dikes mapped in the present 
study have been dated, we believe that they are probably 
early Eocene on the basis of isotopic ages of composi- 
tionally similar intrusive rocks elsewhere in the Seldovia 
quadrangle. Biotites from the Nuka pluton (biotite gran- 
ite; fig. 2) yielded a 40Ar/39Ar plateau age of 54.2f 0.08 
Ma; monazite from the same sample yielded a U-Pb age 
of 56.W 0.5 Ma. Amphiboles from an intermediate dike 
at the head of Seldovia Bay yielded a 40Ar/39~r isochron 
age of 57.0f 0.22 Ma (W. Clendenen, written commun., 
1989). 

INTERPRETATION 

Early Structures 

Whereas the map pattern at Grewingk Glacier is 
complicated by offsets on late cross-faults, we interpret 
the primary repetition of elongate belts of greenstone, 
chert, graywacke, and mesoscale melange as the product 
of motion on myriad early seaward-directed thrust faults 
(fig. 4A). This interpretation is consistent with the map 
pattern, the inferred oceanic-plate stratigraphy (fig. 3A), 
and the few available way-up indicators. Both in- 
sequence and out-of-sequence thrusting would seem to 
be necessary to account for the thinness of fault-bounded 
map units that are likely to have been many times thick- 
er originally. In the McHugh Complex in the Trans- 
Alaska Crustal Transect transect area, about 450 km 
along strike to the northeast, Nokleberg and others 
(1989) attributed the earliest generation of structures to 
subduction-accretion. Similarly, we suggest that previ- 
ously subhorizontal rocks of a downgoing oceanic plate 
were imbricated along subduction-zone thrusts. 

A less compelling explanation for the repetition of 
rock types is by contractional soft-sediment deformation 
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Figure 8. Continued. 
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(for example, at the base of a slope where slump sheets 
accumulate). However, some of the imbricated rocks at 
Grewingk Glacier, such as pillow basalt, could not con- 
ceivably have been soft when deformed. A similar argu- 
ment applies to the origin of the pebbly mudstone. Two 
key relations are that the pebbly mudstone grades into 
broken formation consisting of pulled apart beds of gray- 
wacke and argillite, and that broken formation grades 
into coherently bedded turbidites (fig. 6A; fig. 48, loc. 
A). Thin-section evidence of cataclastic grain-size reduc- 
tion during disruption of bedding, mentioned previously, 

requires that disruption occurred in already lithified 
graywacke. Accordingly, we suggest that both broken 
formation and pebbly mudstone formed in zones of par- 
ticularly intense tectonic disruption of already lithified 
rocks, rather than as a result of soft-sediment deforma- 
tion. Clear evidence for soft-sediment deformation is 
lacking at Grewingk Glacier. 

Early ductile shear bands are widespread but enig- 
matic structures in the McHugh Complex. The sense of 
motion presents an interesting problem in structural anal- 
ysis. Some shear bands offset steeply dipping markers in 

Figure 9. Lower-hemisphere equal-area projections from McHugh Complex at Grewingk Glacier. A, 
Poles to thrust-fault surfaces. B, Thrust-fault slickenlines. C, Poles to normal-fault surfaces. Dl Normal- 
fault slickenlines. €, Poles to  dextral-fault surfaces. F, Dextral-fault slickenlines. G, Poles to sinistral- 
fault surfaces. HI Sinistral slickenlines. Solid great circles represent average fault attitudes from tightly 
clustered poles to faults; dashed great circles are rough approximate averages from poorly clustered 
poles to faults. 
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an apparent thrust sense (in the present reference frame), 
whereas a number of otherwise identical shear bands off- 
set moderately dipping markers in an apparent normal 
sense (fig. 6B, C). In all cases, however, the shear bands 
cause extension of layering. This is clearly seen by com- 
paring stereoplots of the shear bands in their present ori- 
entation (fig. 7A) with the same data subject to simple 
strike rotation of host layering to correct for tilt [fig. 7B; 
see Bradley (1989) for methodology and rationale]. After 
tilt correction, data that had been scattered and inconsis- 
tent all plot as down-to-east normal faults. Accordingly, 
we suggest a simple scenario wherein the shear bands 
formed in a single tectonic regime at a time when layer- 
ing (bedding, early tectonic contacts, and mClange folia- 

tion) were still subhorizontal. Subsequent, mainly land- 
ward rotation of layering also affected the shear bands, 
and in some cases rotation was sufficient to transform 
the normal faults into apparent thrust faults (Bradley, 
1989). Fisher and Byrne (1987, p. 778) recognized com- 
parable early faults on Afognak Island, which cut accret- 
ed trench deposits of the Kodiak Formation. The faults 
on Afognak Island occur in a variety of orientations, but 
all extend bedding and, subject to restoration of bedding 
to horizontal, most have a seaside-down sense of dis- 
placement. Because their effect is opposite that common- 
ly thought to be associated with subduction (that is, ex- 
tension in the inferred direction of plate convergence), 
the significance of the early extension faults is unclear. 

Figure 9. Continued. 
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Late Faults and Dikes 

Of the various late structures in the study area, the 
dikes and apparently coeval dextral faults are most readi- 
ly interpreted in terms of regional tectonic events. Inter- 
mediate to silicic dikes pervade the Chugach terrane in 
the Seldovia quadrangle and are part of the Sanak-Bara- 

Figure 10. Lower-hemisphere equal-area projec- 
tions from McHugh Complex and Valdez Group 
in Seldovia quadrangle. A, Poles to dike mar- 
gins, which plunge in approximate direction of 
dike opening. 6, Dike-opening transform faults, 
plotted as great circles rather than as poles be- 
cause true opening direction is constrained to 
lie on transform plane but could have any ori- 
entation on it. Taken together with population 
of poles to dike margins, mean dike opening di- 
rection is about 345". 

nof magmatic belt (Hudson, 1983; also called the Gulf 
of Alaska belt by Wallace and Engebretson, 1984), 
which intrudes the Chugach terrane along a strike length 
of more than 2,000 km. Intrusions lie anomalously close 
to the trench, far from the coeval axis of the magmatic 
arc (Hill and others, 1981). Existing isotopic ages tend 
to progress systematically along strike around the south- 
ern Alaska orocline, being older at Sanak (62 Ma) and 
younger at Baranof (47 Ma). Isotopic ages of 57-54 Ma 
from the Seldovia quadrangle fit this overall pattern. 

Two fmdings from the present study bear on condi- 
tions within the accretionary wedge during near-trench 
magmatism. Dike injection was accompanied by extension 
at a high angle to tectonic strike (dike opening direction 
was about 345" and tectonic strike at Grewingk Glacier is 
about 020"). Dike injection at Grewingk Glacier was co- 
eval with motion on 070" dextral faults. Bradley and 
Kusky (1990) showed that dextral faults of comparable 
orientation are widespread from Kodiak Island to Turna- 
gain Arm, and that motion on these and conjugate sinistral 
faults resulted in orogen-parallel extension. 

We interpret the near-trench magmatism and asso- 
ciated orogen-parallel extension as the products of sub- 
duction of an oceanic spreading center: either the Kula- 
Farallon ridge (Marshak and Karig, 1977; Hill and 
others, 1981; Plafier and others, 1989, p. 4287) or, con- 
ceivably, another ridge farther to the north. The former 
existence of a Kula-Farallon ridge during the Late Creta- 
ceous and Paleogene is a fundamental, irrefutable feature 
of all modem plate reconstructions of the Pacific realm 
(for example, Engebretson and others, 1985). Because 
the Kula and Farallon plates have all but disappeared, 
most details of the plate-motion history are limited to 
what can be reconstructed from the half-spreading histo- 
ry of the Pacific plate (Atwater, 1989). One unknown 
parameter is the location, through time, of the Kula-Far- 
allon-North America triple junction; a related unknown 
is the position along the continental margin of the Chu- 
gach terrane (Moore and others, 1983; Plafker and oth- 
ers, 1989). The along-strike progression of igneous ages 
along the Sanak-Baranof belt implies that the triple junc- 
tion migrated west to east along the continental margin. 
This would mean that, for the part of the Chugach ter- 
rane now in the Seldovia quadrangle, the Farallon plate 
was subducted prior to about 57-54 Ma, and that the 
Kula plate was subducted between about 54 and 42 Ma. 
After about 42 Ma, the Kula-Pacific ridge became ex- 
tinct and the two plates became one (Lonsdale, 1988); 
presumably, the Pacific plate has been subducted since 
then. 

An important, unknown parameter that geologic 
data may ultimately yield is the Kula-Farallon spreading 
direction. This might simply be the dike opening direc- 
tion, but it seems unlikely that there is such a close rela- 
tionship between spreading direction in the two under- 
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riding plates and any structures produced in the overrid- 
ing plate. Foremost among the possible complications is 
that subduction of a high-standing spreading axis is like- 
ly to upset the critical taper of the accretionary wedge, 
creating compressional or tensional body forces of un- 
known orientations [a qualitative solution will require 
that the critical taper equations of Platt (1986) be recast 
in three dimensions]. 

Late structures in the three detailed map areas do 
not bear conclusively on the long-standing hypothesis 
that the Chugach terrane slid northward to its present lo- 
cation along one or more coast-parallel strike-slip faults 
(for example, Plumey and others, 1983). Strike of early 
contractional structures is about the same as would be 
produced at the Benioff Zone today. We are led to con- 
clude that if the McHugh Complex did undergo major 
coastwise strike-slip, it must have done so without expe- 
riencing any of the internal block rotations that are so 
prevalent in active strike-slip settings, and without being 
cut by major splays such as typify the San Andreas fault 
system. 

Late structures in the three detailed map areas also 
have little bearing on Carey's (1955) hypothesis that the 
southern Alaska orocline formed by bending of belts, 
such as the Chugach terrane, that were originally straight 
(see, for example, Coe and others, 1985; Plafker and 
others, 1989). If such bending did occur, it would have 
been accompanied by shortening parallel to strike on the 
inner side of the arc. Instead, we observe three structural 
elements (conjugate fault sets I and 11, dikes, and conju- 
gate fault sets V and VI) that had the opposite effect: 
extension parallel or nearly parallel with the orogen. The 
only late structures in the study areas of suitable orienta- 
tion are north-striking dextral faults of set 111, which 
might be related either to the southward escape of mate- 
rial being squeezed out of the tightening hinge of the 
orocline or to coastwise motion around an existing bend. 
Whatever the case, cross-cutting relations require that 
events related to fault set I11 followed those related to 
the dikes and fault sets I and 11. 

SUMMARY 

At Grewingk Glacier, the McHugh Complex con- 
sists of multiple fault slices of relatively coherent basalt, 
chert, and graywacke, each up to a few tens of meters 
thick, bounded by zones of mesoscale mtlange. We in- 
terpret the mesoscale mClanges as having formed in 
thrust zones, and the map pattern as the result of thrust 
repetition of an originally simple oceanic-plate stratigra- 
phy, the lower part of which constitutes the Kachemak 
"terrane" of Jones and others (1987). Throughout the 
Seldovia quadrangle, intermediate to silicic dikes were 
injected into already deformed rocks of the McHugh 

Complex and Valdez Group during early Eocene time. 
Dike emplacement was coeval with motion on dextral 
strike-slip faults, which are prominent at Grewingk, Dix- 
on, and Wosnesenski Glaciers, and are part of a conju- 
gate pair whose acute bisector trends about east-west. 
Diking and conjugate strike-slip faulting together result- 
ed in approximately orogen-parallel extension. We inter- 
pret both phenomena as the consequence of subduction 
of the Kula-Farallon Ridge. A younger set of north-strik- 
ing dextral faults offsets the older strike-slip faults and 
dikes; these may be related to formation of the southern 
Alaska orocline and (or) to movement of the Chugach 
terrane around the oroclinal bend. 

REFERENCES CITED 

Atwater, T., 1989, Plate tectonic history of the northeast Pa- 
cific and western North America, in Winterer, E.L., 
Hussong, D.M., and Decker, R.W., eds.. The eastern Pa- 
cific Ocean and Hawaii: Boulder, Colorado, Geological 
Society of America, The Geology of North America, 
DNAG Series, v. N, p. 21-72. 

Blome, C.D., Nelson, S.W., and Karl, S.M., 1990, Accretion- 
ary history of the chert-rich McHugh Complex [abs.]: 
Geological Society of America Abstracts with Programs, 
v. 22, p. A321-A322. 

Bradley, D.C., 1989, Description and analysis of early faults 
based on the geometry of fault-bed intersections: Journal 
of Structural Geology, v. 11. p. 1011-1019. 

Bradley, D.C., and Kusky, T.M., 1990, Kinematics of late 
faults along Turnagain h, Mesozoic accretionary com- 
plex, south-central Alaska, in Dover. J.H., and Galloway, 
J.P., 4 s . .  Geologic studies in Alaska by the U.S. Geologi- 
cal Survey, 1989: U.S. Geological Survey Bulletin 1946, 
p. 3-10. 

Burns, L.E., 1985, The Border Ranges ultramafic and mafic 
complex, south-central Alaska: cumulate fractionates of is- 
land arc volcanics: Canadian Joumal of Earth Science. v. 
22, p. 1020-1038. 

Byrne. T.. 1984. Early deformation in mklange terranes of the 
Ghost Rocks Formation, Kodiak Islands, Alaska, in 
Raymond. L.A., ed., Melanges: Their nature, origin, and 
significance: Geological Society of America Special Paper 
198, p. 21-51. 

Carey, S.W., 1955, The orocline hypothesis in geotectonics: 
Proceedings of the Royal Society of Tasmania, v. 89, p. 
255-288. 

Clark, S.H.B., 1973, The McHugh Complex of south-central 
Alaska: U.S. Geological Survey Bulletin 1372-D, p. Dl- 
D11. 

Coe, R.S., Globerman. B.R.. Plurnley, P.R.. and Thrupp, G.A., 
1985. Paleomagnetic results from Alaska and their tecton- 
ic implications, in Howell, D.G., ed., Tectonostratigraphic 
terranes of the circurn-Pacific region: Houston. Texas, 
Circum-Pacific. Council for Energy and Mineral Resour- 
ces, Earth Science Series, v. 1, p. 85-108. 

Connelly. W., 1978, Uyak Complex, Kodiak Islands, Alaska: A 

Deformation History of the McHugh Complex, Seldovia Quadrangle, South-Central Alaska 31 



Cretaceous subduction complex: Geological Society of 
America Bulletin, v. 89, p. 755-769. 

Cowan. D.S.. 1985. Structural styles in Mesozoic and Cenozoic 
mClanges in the western Cordillera of North America: 
Geological Society of America Bulletin. v. 96, p. 451- 
462. 

Cowan. D.S.. and Boss, R.F.. 1978. Tectonic framework of the 
southwestern Kenai Peninsula, Alaska: Geological Society 
of America Bulletin, v. 89, p. 155-158. 

Engebretson, D.C., Cox, A., and Gordon, R.G., 1985, Relative 
motions between oceanic and continental plates in the Pa- 
cific Basin: Geological Society of America Special Paper 
206, 59 p. 

Fisher, D., and Byrne, T., 1987, Structural evolution of 
underthrusted sediments, Kodiak Islands, Alaska: Tecton- 
ics, v. 6. p. 775-793. 

Hill, M., Monis. J., and Whelm, 1.. 1981, Hybrid granodiorites 
intruding the accretionary prism, Kodiak, Shumagin, and 
Sanak Islands, southwest Alaska: Journal of Geophysical 
Research, v. 86, p. 10,569-10,590. 

Hudson. T.. 1983. Calc-alkaline plutonism along the Pacific 
rim of southern Alaska, in Roddick, J.A., ed.. Circum-Pa- 
cific plutonic terranes: Geological Society of America 
Memoir 159, p. 159-169. 

Jacob. K.H.. 1986, Seismicity, tectonics, and geohazards of the 
Gulf of Alaska regions, in Hood, D.W.. and Zimrnerman, 
S.T.. 4 s . .  The Gulf of Alaska, physical environment and 
biological resources: U.S. Department of Interior. Miner- 
als Management Service. p. 145-184. 

Jones, D.L., Silberling, N.J., Coney. P.J., and Plafker, G.W., 
1987, Lithotectonic terrane map of Alaska (west of the 
141st meridian): U.S. Geological Survey, Miscellaneous 
Field Studies Map MF-1874, scale 1:250,000. 

Kelley, J.S., 1980, Environments of deposition and petrography 
of Lower Jurassic volcaniclastic rocks. southwestern 
Kenai Peninsula, Alaska: Davis, California, University of 
California, Ph.D. dissertation. 304 p. 

Kusky. T.M., and Bradley, D.C., 1990, Kinematics of late 
structures in mklange of the McHugh Complex, Kenai 
Peninsula, Alaska [abs.]: Eos (American Geophysical 
Union, Transactions), v. 71, p. 1590. 

Lonsdale. P.. 1988. Paleogene history of the Kula plate: Off- 
shore evidence and onshore implications: Geological Soci- 
ety of America Bulletin, v. 99, p. 733-754. 

Magoon, L.B., Adkison, W.L., and Egbert, R.M., 1976, Map 
showing geology, wildcat wells, Tertiary plant fossil lo- 
calities. K-Ar age dates, and petroleum operations, Cook 
Inlet area, Alaska: U. S. Geological Survey Miscellaneous 
Investigations Series Map 1-1019, scale 1:250,000. 

Marshak, R.S., and Karig, D.E., 1977, Triple junctions as a 

cause for anomalously near-trench igneous activity be- 
tween the trench and volcanic arc: Geology, v. 5, p. 233- 
236. 

Matsuda, T., and Isozaki, Y., 1991, Well-documented travel 
history of Mesozoic pelagic chert in Japan: From remote 
ocean to subduction zone: Tectonics. v. 10. p. 475-499. 

Moore. J.C., Byrne. T., Plumley, P.W., Reid, M., Gibbons, H., 
and Coe, R.S., 1983, Paleogene evolution of the Kodiak 
Islands. Alaska: consequences of ridge-trench interaction 
in a more southerly latitude: Tectonics, v. 2, p. 265-293. 

Mutti, E.. and Ricci-Lucchi. F., 1978, Turbidites of the north- 
ern Appenines - introduction to facies analysis: Interna- 
tional Geology Review, v. 20, p. 125-166. 

Nelson, S.E., Blome, C.D., and Karl, S.M., 1987, Late Triassic 
and Early Cretaceous fossil ages from the McHugh Com- 
plex, southern Alaska. in Hamilton. T.D.. and Galloway, 
J.P., eds., Geologic studies in Alaska by the U.S. Geologi- 
cal Survey during 1986: U.S. Geological Survey Circular 
998. p. 96-98. 

Nokleberg, W.J., Plafker. G., Lull, J.S.. Wallace, W.K., and 
Winkler, G.R., 1989, Structural analysis of the southern 
Peninsular, southern Wrangellia, and northern Chugach 
terranes along the Trans-Alaska Crustal Transect, northern 
Chugach Mountains, Alaska: Journal of Geophysical Re- 
search. v. 94, p. 42974320. 

Plafker, G., Nokleberg, W.J., and Lull, J.S., 1989, Bedrock ge- 
ology and tectonic evolution of the Wrangellia. Peninsu- 
lar, and Chugach terranes along the Trans-Alaska Crustal 
Transect in the Chugach Mountains and southern Copper 
River basin: Journal of Geophysical Research, v. 94, p. 
42554295. 

Platt. J.P., 1986, Dynamics of orogenic wedges and the uplift 
of high-pressure metamorphic rocks: Geological Society 
of America Bulletin, v. 97, p. 1037-1053. 

Plumley, P.W., Coe, R.S., and Byrne, T., 1983, Paleomagne- 
tism of the Paleocene Ghost Rocks Formation, Prince Wil- 
liam Terrane, Alaska: Tectonics, v. 2, p. 295-314. 

Wallace. W.K.. and Engebretson. D.C., 1984. Relationships be- 
tween plate motions and Late Cretaceous to Paleogene 
magmatism in southwestern Alaska: Tectonics, v. 3, p. 
295-315. 

Wilson, J.T., 1965, A new class of faults and their bearing on 
continental drift: Nature, v. 207, p. 343-347. 

Woodward-Clyde Consultants. 1979, Reconnaissance geology 
of the Bradley Lake hydroelectric project: U.S. Army 
Corps of Engineers, Contract No. DACW 85-79C-0045, 
65 p., 2 app., 3 pls. 

Reviewers: George Plafker and James H. Dover 

32 Geologic Studies in Alaska by the U.S. Geological Survey, 1990 


